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Abstract We report polycrystalline residual patterns with dendritic micromorphologies upon 
fast evaporation of a mixed-solvent sessile drop containing reactive ZnO nanoparticles. The 
molecular and particulate species generated in situ upon evaporative drying collude with and 
modify the Marangoni solvent flows and Bénard-Marangoni instabilities, as they undergo self-
assembly and self-organisation under conditions far from equilibrium, leading to the ultimate 
hierarchical central cellular patterns surrounded by a peripheral coffee ring upon drying. 
 
 
Facile formation of functional hierarchical surface patterns with tailored morphology is a 
central challenge in functional nano- and meso-scale materials research. A widely studied 
system for spontaneous pattern formation is evaporative drying of a sessile drop containing 
non-volatile particles.[1] The most familiar pattern is the “coffee ring”, due to an outward 
capillary flow that shuttles dispersed particles towards the peripheral contact line where they 
get trapped.[2] Marangoni effects[3] may counteract this capillary flow,[4] and the residual pattern 
may be further influenced by instabilities triggered by a temperature gradient across the solvent 
layer that manifest in different convective patterns, e.g. the Bénard-Marangoni (BM) 
convection.[1e, 5] By controlling parameters such as evaporation rate, substrate chemistry, 
particle shape, size and concentration, droplet confinement, and surfactant addition, a plethora 
of patterns can be obtained, such as concentric rings,[6] polycrystalline dendrites,[7] uniform 
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deposits,[8] and polygonal particle networks.[5c] The coffee ring effect has also been exploited 
in applications, e.g. inkject printing[9] and fabrication of sensors[10] and transparent 
conductors.[10b] Another related research area involves precipitation and crystallisation from a 
drying sessile drop of aqueous salt solution[11], where capillary flows and supersaturation of 
salts upon evaporation led to residual patterns of recrystalised salts.  
In those previous studies involving particulate dispersions, the dispersed non-volatile 
particles were inert; mechanistically, the pattern formation resulted from a competition between 
inter-particle forces[12] and capillary and convective solvent flows. It remains little understood 
how reactive particles may alter evaporation induced patterns, for in situ generated molecular 
and particulate species can affect the solvent flows and thus the residual pattern. Here we show 
that, upon fast evaporation (several minutes) of a ZnO nanoparticle dispersion in 
chloroform/methanol/isobutylamine mixture (denoted as CM/iB), hierarchical polycrystalline 
patterns with dendritic micromorphologies were formed, comprising a central region of cellular 
patterns surrounded by a peripheral coffee ring. We elucidate a formation mechanism for such 
hierarchical surface patterns as follows. ZnO nanoparticles undergo rapid chemical 
transformation into isobutylamine-ZnOH molecular complexes (iZMCs) of sub-nanometer in 
size, which further self-assemble into nanoclusters. These surface active iZMCs and clusters 
accumulate at the drop surface and the peripheral contact line. As the drop thins, BM flows are 
triggered, and iZMC-cluster coalescence along multiple BM flows leads to the formation of the 
central cellular patterns. Concurrently, this dendritic cluster growth also occurs at the receding 
peripheral contact line. Further drying drives iZMC organisation into crystal lattices in the 
micro-dendrites in the final hierarchical polycrystalline surface structures. We also show that 
the micro-morphological details of the dendrites in the residual pattern depended on the solvent 
composition, evaporation rate and ZnO nanoparticle concentration, thus confirming the 
interplay between the in situ generated iZMC clusters and the dynamic solvent flows under fast 
evaporation. 
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Figure 1 shows an example residual surface pattern after drying of a 400 µL droplet 
containing 1 mg/mL ZnO nanoparticles ~ 5-10 nm in size (Supporting Information Figure 
S1) in a solvent mixture of VCM:ViB = 5:1 on a 24 × 24 mm glass substrate, and evaporation 
took ~20 min to complete at 20oC and a relative humidity (RH) of 65%. It comprised central 
cellular patterns surrounded by a coffee ring along the edge of the square substrate (Figure 1a). 
The microstructure of the coffee ring consisted of dendrites pointing inwards from the edge 
(Figure 1b, c), with the dendrite length corresponding approximately to the width of the coffee 
ring (~2 mm) and their ends interpenetrating. The central region showed 3D cellular patterns 
with dendrites radiating from the cell centre. The cells were approximately circular, 
interpenetrating at their boundaries and varying in size (200-500 μm; Figure 1d). SEM image 
in Figure 1e shows an individual cell (a magnified view of the white frame in Figure 1d) which 
resembled branched fronds of Corallina elongata (a red algae), with dendrites radiating from 
the centre and branches fanning radially outwards.  
    High resolution transmission electron microscopy (HRTEM) images of the constituent 
nanostructures collected at different evaporation time suggest that ZnO nanoparticles rapidly 
transformed into stable sub-nanoparticles (white dotted circles in Figure 2a-c, e) with a core 
size ~0.24 nm at the initial stage of solvent evaporation. XPS, 1H NMR, and 13C NMR analyses 
(Supporting Information SI.4 and Figure S2-4) confirm that these sub-nanoparticles 
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constituted solvated isobutylamine-ZnOH complexes (iZMCs).[13] At the evaporation time of 
~12 min when no visible solvent remained  (Figure S5f), the deposits were composed of 
aggregates with iZMCs in 2D square lattice packing (Figure 2c). At complete drying (~20 min), 
the filaments constituting the dendritic branches in the residual pattern were composed 
Figure 1. Residual surface pattern and SEM images from evaporative drying of a ZnO nanofluid droplet 
on a glass coverslip (24 × 24 mm). (a) Photographic image of a residual surface pattern; (b and c) 
Enlarged view of Regions 1 and 2 in (a); (d) Enlarged view of Region 3 in (a); (e) Enlarged view of 
Region 4 in (d); The nanofluid droplet was ~400 μL in volume, containing 1 mg/mL ZnO nanoparticles 
(Supporting Figure S1) in a mixture of chloroform and methanol (denoted CM; in a volume ratio of 
VC:VM = 10:3) and also isobutylamine in an overall volume ratio VCM:ViB = 5:1. Typically this 
evaporative drying process completed in ~20 min at 20oC and a relative humidity (RH) ∼65%. 
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of thin sheets/belts  (Figure S6g-h). The HRTEM image in Figure 2d shows layered crystallites 
of varying domain sizes and orientations in a thin belt, characteristic for a polycrystalline 
structure, with the crystallites exhibiting a 2D hexagonal lattice (Figure 2e), representing the 
crystal structure in the final dried branches shown in Figure 1b, c, e. Selected area electron 
diffraction (SAED) indicates that this crystallographic structure was similar to that of hexagonal 
wurtzite (Figure 2f), with the diffuse SAED rings assigned to the (100), (002), (102), (110) and 
(112) planes, respectively. The HRTEM image in Figure 2g further reveals the layered 2D 
Figure 2. HRTEM images of the constituent nanostructures of a ZnO nanofluid droplet on a glass cover 
slip at different time intervals (Experimental protocol for HRTEM sample preparation of Figure 2a-c 
in Supporting information SI.3 and Figure 2d in Supporting information SI.4). (a) 2 min; (b) 4 min; (c) 
12 min; (d) 20 min (complete drying); (e) The two-dimensional hexagonal lattices (as indicated by 
the red hexagon) in the white frame in (d); (f) SAED pattern of the 2D lattices in (d) assigned to 
different lattice planes; (g) HRTEM image of a single crystallite from completely dried deposits 
dispersed into ethanol, showing four lattice layers (as indicated with four coloured lines) all with 
iZMCs in a 2D hexagonal lattice structure. The dotted white circles in (a-c, e) indicate iZMCs. 
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hexagonal lattices in a single brick-like crystallite (coloured lines indicating different lattice 
layers).  
    To further elucidate the pattern formation mechanism, Cryo-TEM[14] at various evaporation 
time and video microscopy were used to monitor the temporal evolution of intermediate species 
within an evaporating droplet (Figure 3a,b,d,e,g,h,j,k; Figure S6), to complement the 
observations of the macroscopic pattern with the dendritic microscopic structure (Figure 1) and 
nanoscopic polycrystallinity (Figure 2). The proposed mechanism below as shown 
schematically in Figure 3c,f,i,l and Figure 4a,b is further supported by video microscopy 
(Figure 4c-h, j-m; Supplementary Videos 1-3), attempting to account for in situ generation 
of iZMCs and their clusters, cluster-induced capillary ripples at the drop surface, subsequent 
cluster coalescence tracking BM flows, and aggregation-based crystallization. We will 
specifically comment on assumptions made in suggesting the schematics in the discussion 
below. 
       At the initial stage of evaporation, ZnO nanoparticles were carried to the edge of the 
droplet by the outward capillary flow to the pinned contact line, where they underwent 
moisture-assisted transformation[15] into amphiphilic iZMCs with a core size ~0.24 nm (Figure 
2a), which then formed solvated aggregates (of order 100 nm in size). Concurrently, the 
Marangoni flow spread the iZMC aggregates along the drop surface. This process of ZnO 
dissolution and chemical transformation into iZMCs was rapid. Cryo-TEM images at 2 min 
evaporation (Figure 3a, b) show the coexistence of solvated iZMC aggregates and undissolved 
ZnO nanoparticles (arrows in Figure 3b; also Figure S6 a,b), and the absence of any ZnO 
nanoparticles at just 4 min evaporation time (Figure 3d). Instead, iZMC aggregates were 
prominent (Figure 3e, dotted random shapes), with some iZMCs assembling into primary 
clusters of size 2-5 nm within the aggregates (the arrows in Figure 3e, and schematically shown 
in Figure 3i). We suggest that it is conceivable that these primary clusters were micelle- or 
vesicle-like, enclosing a polar core of methanol, isobutylamine and trace amounts of water and 
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thus separating it from the surrounding nonpolar solvent. (Due to fast evaporation rate, it proved 
challenging to fully characterise the structure of such proposed primary cluster structure using 
classic X-ray and neutron scattering methods, which remains a focus of our continuing 
experimental effort.) At 6 min (Figure 3g, h), the iZMC aggregates were largely replaced by 
the primary clusters (arrows in Figure 3h and circles in the inset). At ~ 8 min (Figure 3j, k), 
Figure 3. Cryo-TEM images of nano-constituents in an evaporating droplet at different time intervals: 
2 min (a, b), 4 min (d, e), 6 min (g, h), and 8 min (j, k); and corresponding schematic of flows and 
cluster formation (c, f, i, and l). Images (b, e, h, k) are enlarged views of the white frames in a, d, g 
and j respectively. The insets in h and k show enlarged views of the white frames in h and k, 
respectively. The scale bars in a, d, g and j are 200 nm. The red frames (numbered 1-3) in Figure 3k 
highlight branched or linear aggregates of coalesced secondary clusters (red dashed circles in Figure 
3l). 
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larger secondary clusters of diameter 30 nm (red dashed circles in Figure 3k) constituting a 
network of primary clusters (inset in Figure 3k) were observed, and their coalescence led to 
formation of branched or linear aggregates (red frames in Figure 3j). The cluster self-assembly 
process is likely pronounced at the droplet surface, due to their surface activity and also driven 
by evaporation. 
As the drop thinned upon evaporation, BM instabilities were triggered,[8c, 16] consistent 
with the dendrite growth in the drop and also the observation of capillary ripples at the drop 
surface (Videos 1 and 2). [17] It is conceivable that the surface active iZMC clusters at the drop 
surface gave rise to a “skin” or crust, and vertical BM flows would bring upon cluster 
concentration inhomogeneity in this surface layer, the resulting stress instigating the capillary 
ripples.[18] Conversely, the enhanced surface elasticity due to the cluster crust made the capillary 
ripples readily observable in video microscopy (Supporting Video 2). A series of images 
(Figure 4c-h) extracted from Video 2 show that the cellular pattern formation, a manifestation 
of the solidification of ten BM convection cells, was first initiated at Site 1 and then successively 
at Sites 2-10 during a period of 2.7 s, as the capillary ripples propagated. These ripples appeared 
as concentric circular or oval rings (e.g. dashed rings in the figure), with a constant wavelength 
of about λcp～50 µm, characteristic for capillary waves (wavelength < 0.1 mm) observed on 
polymer films[19] and soft gels.[20] The characteristic attenuation time and length (the time and 
distance intervals respectively between the ripple initiation and diminishment) can be estimated 
from Videos 1 and 2 as τ ~ 1 s and µ ~ 200 µm, with µ ~ (ργλcp3)1/2/ηs [21] where ρ is the density, 
γ the interfacial tension at the drop-air interface, and ηs the viscosity of the fluid layer mediating 
the ripples. de Gennes et al. [21] estimated that µ ≈ 1 cm for λcp ≈ 100 µm on water. We assume 
that the drop surface layer contained the solvent (mostly chloroform) and the clusters which 
were a mixture of isobutyalamine but also trace amounts of water, methanol, and -Zn(OH). The 
exact composition and structure of the clusters and the surface layer are not known, and here 
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we take γ = 22.25 (isobutylamine) – 26.67 (chloroform) mN m-1 and ρ ~ 0.735 (isobutylamine) 
–1.49 (chloroform) g cm-3 as lower and upper limits of these quantities. We thus estimate ηs ~ 
8.4 – 13 mPa s, which is ~20 times that of the viscosities of the solvents (~0.55 mPa s for 
chloroform) used. This is consistent with our proposed mechanism in which the drop surface 
was enriched with iZMC clusters due to the Marangoni flow and evaporation. 
The diameters of BM cells at Sites 1-10 as a function time are plotted in Figure 4i, 
showing that the growth rate was fairly constant (~92±15 µm s-1) for all the BM cells, much 
faster than the capillary flow rate (~0.1 µm s-1) for creating coffee rings.[22] The development 
of a single BM cell at Site 1 was tracked in a series of magnified images (red circles in Figure 
4j-m). The site appeared as a small spot at the beginning (indicated by the arrows in Figure 4h), 
around which the branched growth of filaments proceeded as a result of coalescence of the 
Figure 4 . Schematic images of capillary ripples and following BM cell development via cluster 
coalescence (a, b), and a series of images (c-h) extracted from Video 2 at time sequence of 0, 0.3, 
0.75, 1.65, 2.25, and 2.7 s respectively. a, BM convection flows induced capillary ripples 
(schematically); b, BM cell formation via cluster coalescence in DLA process; i, the diameter of BM 
cells at ten site as a function of time, with the growth of the BM cell at Site 1 highlighted with red 
circles from b to f as an example; j-m, the magnified images of the site 1 in c, d, e and f, 
respectively. For the video microscopy experiment, 100 µL droplet containing 1 mg/mL ZnO 
nanoparticles (Supporting Figure 1) was dropped on the glass coverslip (1 mm×1 mm). The scale 
bars in are 200 µm in (c-h), and 50 µm in (j-m), respectively. 
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secondary clusters along radial BM flows (Figure 4b). The coalescence was likely mediated by 
inter-cluster solvophobic interactions. The dendritic growth of the cluster coalescence is 
characteristic of diffusion limited aggregation (DLA), [23] with the clusters arrested along radial 
BM flows forming gel-like residual patterns (Figure 4m and Figure S5f) comprising 3D 
swollen fibrillar network in dendritic morphologies. The ultimate BM cell size range (λBM =200-
500 μm; cf. Figure 1d) is related to the Marangoni number B = 32(πd/λBM)2,[24] where the drop 
thickness d is of order 500 µm estimated from the drop volume and footprint. This gives B ~ 
300–2000 (above the critical Marangoni number Bc = 80 for BM instabilities), with a 
corresponding Bénard velocity UBM ~ 0.4 – 2.6 m s-1 which is consistent with the experimental 
value in a recent study [19]. To the first approximation B ~ η-1 (η being the solvent viscosity), 
thus the different λBM values could be attributed to the inhomogeneity in the local viscosity and 
cluster concentration. Similarly, cluster coalescence also occurred upon rapid retreat of the 
contact line, causing dendritic growth of swollen filaments as the coffee ring formed (Video 3 
and Figure 4a (I), b(I)). 
        Upon further evaporation, the microscopic dendritic morphologies of gel-like residual 
patterns were retained, and the constituent filaments became more clearly defined. Lubrication 
by solvent molecules can facilitate spatial adjustment of iZMCs in the clusters,  promoting 
formation of multilayered crystallites with square packing (Figure 2c). This evaporation driven, 
self-assembly based nucleation in transient aggregates significantly reduces the nucleation 
energy barrier, and crystallite formation occurs in a near spinodal regime,[25] with many 
crystallites forming simultaneously, leading to the polycrystalline structure in the solvated 
filaments. The final solvent removal drove rearrangement of the iZMCs to a lower energy 
configuration represented by multilayered crystallites with hexagonal packing (Figure 2d, e, f) 
in the ultimate polycrystalline filaments.  
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      The dendrite morphological details in the residual pattern depended on the solvent 
composition and evaporation rate. For the solvent composition with VCM:ViB = 50:1 (Figure 5 
a-c) or pure isobutylamine (Figure 5d-f) instead of VCM:ViB = 5:1 (cf. Figure 1), the overall 
surface patterns also comprised a central region surrounded by a coffee ring (Figure 5 a, d). 
However, the central cellular patterns resembled foliage of Yucca gloriosa (commonly known 
Figure 5. Photos and SEM images of residual patterns under different solvent compositions and slow 
evaporation. (a-c) The solvent compositions are VCM:ViB = 50:1; and (d-f) pure isobutylamine; with 
drying time ~ 20 min for both. For slow evaporation of a droplet (particle concentration 1 mg/mL; 
VCM:ViB = 5:1; 20 oC; RH ~ 65%), with evaporation time of (g) 4 h, (h) 8 h, (i) 24 h, the residual 
patterns appeared as interconnected fibre networks, with enlarged views in (j, k, l) corresponding 
to the white frames in (g, h, i), respectively. Note that the coffee ring just began to merge at 
evaporation time of 4 h (g), but was absent for slower evaporation (h, l). 
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as Mound lily or Spanish dagger) (Figure 5 b, c), with dendrites radiating from the centre and 
branches fanning radially outwards; or foliage of Chlorophytum comosum (commonly known 
as spider plant), with some broken or bent filaments and without ramification or branching 
(Figure 5e, f). For slow evaporation (i.e. with evaporation time of 4h, 8h and 24h, respectively; 
Figure 5 g-l), where the solvent flows were less pronounced, the residual patterns appeared as 
interconnected Microfilaments, with the coffee ring emerging at the 4 h evaporation time but 
absent for slower evaporation. Furthermore, the residual pattern also depended on the ZnO 
nanoparticle concentration and thus that of the in situ generated iZMC clusters (Figure S8). 
There existed a critical ZnO nanoparticle concentration (0.1 mg/mL) for the residual pattern  
with a central region of cellular patterns surrounded by a peripheral coffee ring; below which 
the residual pattern of random branched microfilaments was observed (Figure S8 a, b).   
In conclusion, we report polycrystalline residual patterns upon fast evaporation of a 
mixed-solvent sessile drop containing ZnO nanoparticles, and explain our observations with a 
mechanism that accounts for the pattern structural hierarchy on nano-/micro-/macroscopic 
scales. The novelty of our observations (i.e. central cellular patterns surrounded by a peripheral 
coffee ring), and the challenge that we must meet in explaining them, is underpinned by the fact 
ZnO particles – unlike in previous droplet drying studies – are not inert but reactive. The 
molecular and particulate species generated in situ upon evaporative drying collude with and 
modify the solvent flows, as they undergo self-assembly and self-organisation under conditions 
far from equilibrium. As we report in a different report,[26] the complex residual pattern from a 
reactive ZnO nanofluids also depends on the nanoparticle morphology and crystallinity. Our 
results demonstrate the important role of the interplay between the in situ generated clusters 
from reactive ZnO nanoparticles and solvent flows in forming the hierarchical polycrystalline 
residual patterns. The proposed mechanism has implications to evaporation controlled self-
organisation processes and surface pattern formation from a sessile drop containing reactive 
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nanoparticles, illustrating how different parameters (such as solvent composition, evaporation 
rate, particle concentration, and size) can be exploited to tailored the residual pattern. 
Supplemental Material 
Supporting Information is available online. 
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